Research in ContextEvidence before this studyRepetitive Transcranial Magnetic Stimulation (rTMS) has been tested to treat drug addiction patients (e.g. cocaine, methamphetamine, nicotine) in past decade. Yet by Jan 2020, only one pilot study in 2016 reported that high-frequency rTMS reduces cue induced craving for heroin patients, based on a small number of patients (*n* = 20) and without further follow-up.Added value of this study1. We demonstrated that rTMS applied to the DLPFC is effective in reducing craving severity in a large group of heroin use disorder patients (*n* = 118).2. We showed that rTMS treatment has a lasting effect on craving (at least 60 days) following treatment cession.3. We proved that both high and low frequency rTMS treatment are effective for craving treatment of heroin patientsImplications of all the available evidencerTMS intervention could efficiently reduce craving for heroin patients. Future studies are required to refine the treatment protocols, to elucidate the neural circuitry mechanisms underlying the treatment effects, and to evaluate its application on relapse management in community.Alt-text: Unlabelled box

Introduction {#sec0001}
============

The opioid crisis has resulted in a significant individual morbidities, economic loss, negative impacts on family, and overdose death [@bib0001]. Opioid addiction is characterized by compulsive drug-seeking behaviors despite negative consequences [@bib0002], [@bib0003], [@bib0004], [@bib0005]. The cue-induced craving and relapse are critical therapeutic targets in the management of drug addiction. Cue induced craving increases progressively during the early stage of abstinence and remains high over an extended period \[[@bib0006], [@bib0007]\]. "Volcanic" craving can erupt suddenly into consciousness after exposure to drug cues, acting as a persistent cause for relapse [@bib0008]. In well-controlled laboratory and clinical settings, cue induced craving can reliably predict relapse in different environmental settings and across different types of addictions \[[@bib0006], [@bib0009], [@bib0010]\]. Evidence suggests that decreased craving and cue reactivity has been linked to decreased drug intake \[[@bib0011], [@bib0012]\]. Additionally, considering the fact that craving can be a very distressing symptom, targeting craving may have clinically meaningful effects for both addiction and for affective states [@bib0013].

Incubation of craving relies on formation of maladaptive neuroplasticity at cortico-striatal synapses \[[@bib0006], [@bib0014], [@bib0015], [@bib0016], [@bib0017]\]. Neurocircuitry studies with brain imaging approaches highlighted the role of prefrontal cortex (PFC) in drug cue induced craving \[[@bib0006], [@bib0018], [@bib0019]\]. PFC hypoactivity may lead to failure in executive system and cognitive control [@bib0020], and serves as the basis of individual variability and vulnerability in transition to addiction [@bib0021]. Recent success with electrical stimulation [@bib0022] or optogenetic reversal of prefrontal cortex hypoactivity has demonstrated the possibility of modulating compulsive drug seeking behavior in rats through prefrontal brain stimulation \[[@bib0023], [@bib0024]\].

Repetitive transcranial magnetic stimulation (rTMS) can target the prefrontal cortex and activate underlying cortical regions \[[@bib0025], [@bib0026]\]. Promising evidence suggests that rTMS can be used to effectively treat different types of drug addiction (e.g. heroin, methamphetamine, cocaine, nicotine) through single or repeated sessions of high-frequency rTMS over left PFC [@bib0027], [@bib0028], [@bib0029], [@bib0030]. Additional lines of evidence suggest that both high frequency rTMS over the right PFC or low frequency rTMS over the left PFC can be effective in addiction patients (e.g. nicotine, cocaine, methamphetamine) [@bib0031], [@bib0032], [@bib0033]. Whether rTMS is effective in opioid use disorder (OUD) patients -- particularly for cue-induced craving - remains to be determined.

Heroin and methamphetamine are two major drugs of abuse in China, and it is estimated that total abuse population in China affects more than 13 million people. Our two-year rehabilitation center provided a unique setting in which to evaluate rTMS as a treatment for OUDs and to track people beyond an acute treatment period. This manuscript reports the results of a randomized, two-site clinical trial designed to evaluate the effects of both high frequency and low frequency rTMS on cue-induced craving in patients with heroin use disorder. Given previous inconsistent findings of rTMS frequency on clinical treatment of addiction, it is important to understand the different clinical outcomes between high frequency (or excitatory) rTMS to low frequency (or inhibitory) rTMS. Therefore, we evaluated the effects of rTMS on cue-induced heroin craving following 20 rTMS treatments and 60 days (i.e., 2 months) after rTMS treatment cessation. This study was conducted in a controlled inpatient environment within two specialty addiction rehabilitation centers. We hypothesized that rTMS delivered to the dorsolateral prefrontal cortex (DLPFC) would reduce cue induced craving in patients with heroin use disorder.

Materials and methods {#sec0002}
=====================

Study design and participants {#sec0003}
-----------------------------

The study was a randomized, two-center clinical trial. Male heroin use disorder inpatients were recruited after referral to specialty addiction rehabilitation centers - Hangzhou Gongchen Center of addiction rehabilitation (HZGC) and Longyou Shiliping Center of addiction rehabilitation (SLP) - in cities of Hangzhou and Quzhou (with no inter-center difference, [Table 1](#tbl0001){ref-type="table"}).Table 1Demographic Characteristics of the Study Participants.Table 1Variable10 Hz1 HzControlF/ChipAge (yrs)39±1.5538.48±1.4438.71±1.20.030.968Duration of heroin Intake in Year (yrs)14.63±1.0413.24±1.1413.43±1.312.53080.282Dosage Per Time (g)0.6 ± 0.070.44±0.050.64±0.072.73580.255Monthly dosage (g)20.07±3.1815.28±1.9919.06±1.555.61790.06Baseline Craving69.43±3.1568.28±3.5870.57±3.712.39010.303Duration of Abstinent Time at study entry (Days)88.06±9.63122.38±16.7192.11±10.432.2300.113Center effectHZGC14(29.17%)13(27.08%)21(43.75%)0.242SLP21(41.18%)16(31.37%)14(27.45%)[^2]

We recruited adults aged between 18 and 65 years who had a recurrent history of heroin use disorder (DSM-V diagnosis, urine test positive upon admission, and in abstinence since then). Only male patients were included since male subjects dominated the local population of heroin use. Exclusion criteria include history of any other psychiatric disorders, epilepsy, cardiovascular complications and other contraindications to TMS (e.g. metal implants in the head). As part of their treatment in these rehabilitation centers, patients received routine physical exercise, psychological consultation therapy and medical education in relation to addiction. No pharmacological agents were used to treat these heroin use disorder patients over the study period. The research ethics board of Nanjing Normal University, Liaoning Normal University, and Shanghai Mental Health Center approved the study in accordance with the Declaration of Helsinki and study monitoring was provided by the local safety monitoring board (Chinese Clinical Trial Registry number, 17013610). All participants provided written informed consent and participated in the study voluntarily.

Randomization and masking {#sec0004}
-------------------------

A total of 118 inpatients were recruited. 6 subjects were excluded due to mixed usage of other drugs, or with severe diseases (see [Fig. 1](#fig0001){ref-type="fig"}, CONSORT flow diagram). The remaining 112 Heroin subjects were randomly assigned to either 10 Hz rTMS (*n* = 40), 1 Hz rTMS (*n* = 35) or wait list group (*n* = 37) using a computer generated number sequence. There were no significant differences between these three groups in relation to age, years of drug abuse, intake dosage per abuse, monthly dosage, and baseline craving, abstinent time across the three groups (demographic data in [Table 1](#tbl0001){ref-type="table"}, *P*\>0.05). There were significant correlations across these demographic variables (s[Table 1](#tbl0001){ref-type="table"}, sTable 2).Fig. 1**Flowchart of the study**. 118 heroin subjects were enrolled into experiments and assigned into three groups (10 Hz, 1 Hz, wait list). 99 heroin patients completed TMS intervention. The treatment protocol lasted for 4 weeks, and follow-up assessments were made on day 30, 60, and 90 from baseline measurement.Fig 1:

The treated groups were double blinded during the whole period of the study. rTMS was delivered by two independent researchers who did were not involved in craving and scale measurements. During the trial, 6 subjects (4 subjects in 10 Hz treatment, 2 in 1 Hz treatment) discontinued treatment for insomnia and headache, with an additional 5 subjects lost to first follow-up. 99 heroin disorder patients remained in the trial for its entire duration (i.e., 20 times of treatment) ([Fig. 1](#fig0001){ref-type="fig"}). There was no difference in drop-out rates between the 3 groups (*P*\>0.05).

Craving score evaluation {#sec0005}
------------------------

The primary outcome is the changes of craving score during treatment, and the evaluation was performed as previously described [@bib0028]. Patients were required to watch a video showing heroin intake for five minutes, respectively. Then the visual analogue scale (VAS) was used to evaluate the cue-induced score. The participants were asked to feel free to express themselves, and the VAS ranges from 0 (completely undesired for drug intake) to 100 (completely wanting for drug intake). The baseline craving (day 1) was evaluated prior to the rTMS treatment, and craving score was re-assessed at the end of treatment, 30 days and 60 days after last day of treatment for follow up measurements.

rTMS Treatment {#sec0006}
--------------

Participants seated in a comfortable chair during the whole rTMS treatment procedure. The resting motor threshold (RMT) was measured individually according to 50% chance (5 out of 10 trials) of index finger muscle (FDI) contraction. 10 Hz rTMS was applied at 100% RMT, 5‑*sec* on, 10‑*sec* off for 10 min, 2000 pulses. 1 Hz rTMS was applied at 100% RMT, 10-min on, 600 pulses. Both rTMS treatments were applied to the left DLPFC, localized by the Yiruide TMS location Cap system (10--20 EEG based, corresponding to F3), with a figure-eight coil from CCY-I TMS instrument (Yiruide Co., Wuhan, China). For the coil (Type B9076), the inner diameter between the two circles was 76 mm, and the maximum output was 2.0 ± 10% Tesla. Treatment groups received 20 sessions rTMS treatments (five consecutive days on and two days off for a total of 28 days). The wait-list control group received no rTMS treatment.

Analyses and statistics {#sec0007}
-----------------------

The data of 51 participants from Shiliping (SLP) rehab center and 48 from Hangzhou Gongchen (HZGC) rehab center were evaluated in the statistical analysis. Demographic characteristics and baseline craving were summarized with descriptive statistics ([Table 1](#tbl0001){ref-type="table"}). The association of demographic variables with baseline craving rates were evaluated by quasi-Poisson regression models (s[table 1](#tbl0001){ref-type="table"}), to confirm the balanced distribution of demographic characters across treatment groups.

To compare the efficacy of different types of treatment, the craving scores at the four time points per subject were longitudinally analyzed using the linear mixed effect model adjusted for center effect. As the scores changed over time, as shown in [Fig. 1](#fig0001){ref-type="fig"}, they demonstrated a two-stage pattern, from baseline to end of treatment, and from end of treatment to 60 days after the treatment. Therefore, piecewise linear mixed effect models with a knot at Day 30 were employed to investigate the temporal feature of each treatment group. The interaction term Time∗Treatment was included in the linear mixed effect models to describe the changing rate (slope) difference between treatment groups. Pairwise comparison for craving reduction speed before and after the treatment period, and the comparisons of follow-up at 30/60 days after treatment to baseline across treatment groups, were evaluated through the piecewise linear mixed effect models.

To further specify the potential impact of demographic characteristics on craving score reduction, we dichotomized Intake/abuse Years, Dosage per Time, Monthly Dosage, and Baseline Craving by the median of each variable. By fitting mixed effect models on patients sub-grouped by demographic characteristics, the potential differences of treatment effects between particular subgroups were identified.

To illustrate if craving reduction at day 30 could predict craving changes at day 90, the Spearman\'s correlation coefficient of craving rate changes (Δcraving) at day 30 and 90 in each treatment group was estimated. Linear models were also employed, after confirming the normality of score changes. In addition, significant results identified were checked for consistency and robustness.

All the analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC). A two-sided significance level of *P*\<0.05 was used.

Results {#sec0008}
=======

Effects of rTMS treatment {#sec0009}
-------------------------

After adjusted for center effect, the piecewise linear mixed effect model indicated that craving rates decreased significantly in the first 30 days in both 1 Hz (Estimate=−25.26, SE=4.15, *P*\<0.0001) and 10 Hz (Estimate=−29.04, SE3.77, *P*\<0.0001) treated groups, and these decreases were significantly greater that in the control group (Estimate of 1Hz-Control=−11.55, SE=5.61, *P* = 0.04; Estimate of 10Hz-Control=−15.32, SE=5.34, *P* = 0.004). Neither the active or wait-list groups had a significant change in craving rate after day 30th, further suggesting that it was active rTMS and not time that resulted in decreased craving rates.

When compared to the baseline, the craving rate of the 10 Hz (Estimate=−29.43, SE=4.11, *P*\<0.001; Estimate=−27.57, SE=4.26, *P*\<0.001; Estimate=−28.30, SE=4.94, *P*\<0.001) and 1 Hz groups (Estimate=−24.82, SE=4.52, *P*\<0.001; Estimate=−28.35, SE=4.74, *P*\<0.0001; Estimate=−28.99, SE=5.50, *P*\<0.001) reduced significantly at Day 30/60/90, as well as in the Control group (Estimate=−13.14, SE=4.11, *P*\<0.001; Estimate=−15.35, SE=4.30, *P*\<0.001; Estimate=−14.09, SE=5.08, *P*\<0.01) ([Fig. 2](#fig0002){ref-type="fig"}A). At each time point, treated groups showed significant differences compared to the control group (sTable 3). There was no significant difference in cue craving between the two treatment centres.Fig. 2**A: Outcomes of treatment effect within heroin groups**. Cue-induced craving was assessed at four time points. Compared to baseline, there were significant differences among 3 groups at Day 30/60/90. Black line indicates for wait list group; Blue for 10 Hz group; Red for 1 Hz group.Fig 2

In terms of craving reduction slopes, there was a decreased trend (marginally) in three groups before Day 30. Pairwise comparisons demonstrated that the reduction speeds of the two treated groups were faster than the control group (sTable 4, 5), further confirming the therapeutic effects of rTMS treatments relative to wait-list group.

The impacts of demographic variables on changes of craving rate {#sec0010}
---------------------------------------------------------------

We stratified the demographic data by using the medians as cut-off points (sTable 6). The results of Linear mixed effect models of delta craving rate on subgroups are shown in [Fig. 3](#fig0003){ref-type="fig"} for Day 30 and s[Fig. 1](#fig0001){ref-type="fig"} for Day 90.Fig. 3**The impacts of demographic variables on delta craving rate.** Figure A-D listed the association between demographic variables and reduction craving (Baseline-Day 30) in Heroin subgroups divided based on: A: Monthly dosage for heroin intake; B: Dosage per time for heroin intake; C: Duration of heroin intake in years; D: baseline Craving score for heroin patients. Black indicates for wait list group; Blue for 10 Hz group; Red for 1 Hz group.Fig 3:

For reduced craving rate (baseline - Day 30) in heroin patients, the 10 Hz group had larger reduction than the control group, when intake year (*W* = 162, *P*\<0.01), monthly dosage (*W* = 224, *P*\<0.01), dosage per time (*W* = 286, *P*\<0.01); and the delta craving of 1 Hz group was higher than the control group, when monthly dosage (*W* = 224, *P* = 0.04), dosage each time (*W* = 286, *P* = 0.04) was low. However, no significant difference was observed among high level subgroups. These data further confirmed the effects of rTMS on craving reduction occurred during treatment period (Day 0 to Day 30) relative to wait-list group.

Correlations between Post-Treatment Craving changes and In-Treatment Craving changes {#sec0011}
------------------------------------------------------------------------------------

To identify if there was a correlation between decrease in craving at Day 30 and Day 90 as compared to baseline across all three groups, we employed linear regression analysis. Spearman\'s correlation coefficients were calculated, and a similar conclusion was reached via using linear regression. In heroin patients, the Spearman\'s Rho correlation coefficient of Post-Treatment Craving changes and In-Treatment Craving changes was 0.61 (*P* = 0.001) for the 10 Hz group, 0.53 for the 1 Hz group (*P*\<0.01), and 0.63 for the control group (*P* = 0.001) ([Fig. 4](#fig0004){ref-type="fig"}).Fig. 4**The correlation between delta craving (Baseline-Day 30) and delta craving (Baseline-Day 90).** The size of points in figure stands for the number of observations with same level of craving rates changes. The location of points suggested that craving rate changes after treatment linearly depend on the craving rate changes during the treatment. The regression lines were plotted in respective color. Black indicates for wait list group; Blue for 10 Hz group; Red for 1 Hz group.Fig 4:

Side effects {#sec0012}
------------

There were mild side effects (dizziness, headache, neck pain, insomnia, etc.) reported. At the end of study, only 6 subjects (4 subjects in 10 Hz treatment, 2 in 1 Hz treatment) discontinued treatment for insomnia and headache, and such unpleasant symptoms disappeared by our one-month follow-up survey.

Discussion {#sec0013}
==========

The present study demonstrated that both low and high frequency rTMS applied over the prefrontal cortex was well tolerated and effective at reducing cue-induced craving in patients with heroin use disorder. Our results also indicate that both active treatment groups produced treatment effects over the first 30 days, relative to wait-list group, which lasted for up to 60 days after the last rTMS treatment. Collectively, these findings suggest that rTMS might produce enduring effects on craving and possibly modulate addictive behaviors.

The study demonstrated that rTMS treatment is effective in reducing craving, and as a corollary, may represent a potentially effective treatment for patients with heroin use disorder. Craving predicts relapse when measured reliably in clinical settings [@bib0034]. Negative mood and craving contribute to withdrawal symptoms, which relate to motivation of drug intake [@bib0035]. Despite limitations, self-reported craving remains the most widely accepted approach in research and clinical settings [@bib0012]. We recommend that for future studies, the inclusion of additional emotion related / implicit craving measurements (e.g. stress induced craving changes, or sub-threshold presentation of drug associated cues) should be considered. Also, the inclusion of potential biologic targets of craving - including imaging based targets -- should also be included to evaluate the neural processing changes in drug associate cues following rTMS treatment.

The neural mechanisms underlying rTMS response might include: increased local metabolism, inhibitory control and plasticity at prefrontal cortex following repeated magnetic stimulation \[[@bib0025], [@bib0036], [@bib0037]\]; and potentiation of prefrontal network and modulation of monoamine concentration in cortico-striatal system (e.g. dopamine) [@bib0038]. Neurochemistry changes and hypofrontal activation of PFC during exposure to drug associated cues underlie the generation of craving [@bib0039]. Balanced dopaminergic system might contribute to improved mood status and reduce the previous learned association between drug cues and reward [@bib0039]. In future, it may be helpful to combine PET imaging to investigate the relationship between striatal dopamine changes and behavioral improvement in heroin patients receiving rTMS treatment \[[@bib0038], [@bib0040]\]. Further, rTMS may produce enhanced cognitive control together with reduced impulsivity that may contribute to a subjective reduction in craving. Notably, as both our 10 Hz and 1 Hz rTMS groups demonstrated comparable clinical effects, it is possible that simply repeated cortical stimulation is effective at reducing craving regardless of the exact frequency for stimulation. In this regard, previous studies have demonstrated differences between 10 Hz rTMS and 1 Hz rTMS in relation to excitation and inhibition. That is, it has been demonstrated that 10 Hz rTMS induces excitability and 1 Hz rTMS reduces it [@bib0041]; while some studies reported the excitatory effects of 1 Hz rTMS as well \[[@bib0045], [@bib0048], [@bib0049]\]. In addition, it has also been demonstrated that both 10 Hz rTMS and 1 Hz rTMS potentiate long acting GABA inhibitory neurotransmission (i.e., GABA~B~ receptor mediated inhibition) [@bib0042]. Such potentiation -- particularly that of increased GABA~B~ receptor functioning - may increase inhibition in the DLPFC resulting in greater inhibitory control and possibly reduced craving. Such mechanisms have been postulated in relation to the effects of baclofen on craving [@bib0043]. Lastly, we previously reported that heroin patients exhibited impaired motor-cortical plasticity following TMS stimulation [@bib0044], indicating that there might be additional neural mechanisms other than local regional potentiation after rTMS treatment (e.g. inducing dopamine release through network connectivity [@bib0038]) that influence rTMS reductions in craving. Future studies may wish to compare the differences between 10 Hz and 1 Hz rTMS on regional brain activity and dopamine release in heroin dependent patients.

The study is limited by the outcome measurement as self-reported craving within reduced ecological environment setting. Future studies are required to track the relapse rates of these patients to evaluate the maintenance effects of rTMS on relapse prevention. The lack of a sham rTMS group is also a relative limitation. We have previously shown that sham rTMS does not have a significant effect on cue induced craving in heroin dependents, within a short period of five days treatment [@bib0028]; therefore the present study focused on the tolerability and long-term efficacy of active rTMS treatment in a large sample of heroin use disorder patients. A meta-analysis reported that placebo effects might partly contribute to the therapeutic responses to rTMS in major depression patients [@bib0046]. In addition, it is highly possible that the expectations of improvement from the patients, and additional attention provided by the rTMS treatment team may contribute to significant clinical improvements in these patients [@bib0047]. Taken together, the rTMS effects might be facilitated by regular interaction with rehabilitation center staff and increased daily surveillance. Last but not least, the study selectively focused on male patients since they represent the vast majority of heroin patients in eastern part of China.

In conclusion, the result of the present study provides evidence that a course of rTMS over left DLPFC may represent an efficacious approach to reducing craving in male heroin use disorder patients. Our current finding contributes to further add-on treatment designed for opioid cessation therapies.
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